oscillatory states because oscillations tend to synchronize all neurons in the circuit. Newark, New Jersey 07102
. The probability that the peaks of larger amplitude ripple episodes ( Ͼ4 SD from work (Traub and Wong, 1982) indicates the importance of the density of recurrent connectivity in determining baseline) occurred within a 50 ms window exceeded 0.8 ( Figure 1B, inset) . Although the cross-correlations the dynamics of population bursts. Therefore, we separately analyzed unit activity recorded from the three CA3 indicated that, on average, local ripples developed and peaked at the same time, individual events could be subregions. Similar to the CA1 region, CA3 pyramidal neurons in all subregions increased firing rates during "initiated" from any location. Thus, no particular recording site systematically "lead" the ripple event.
CA1 ripples. Both the ripple-associated firing rate increase ( Figure 3A ) and the degree of population synLocal ripples were correlated with single unit activity derived from the same electrode or from other elecchrony ( Figure 3C ) were more robust in CA1 than in the CA3 region. Within the CA3 population, neurons in the trodes (Figure 2A ). The local field was always better correlated with the activity of local pyramidal cells than CA3c subregion displayed the largest dynamic range during CA1 ripples, followed by neurons in CA3b and with units recorded from distal sites (Ն300 m). Importantly, this difference was largest for small amplitude CA3a ( Figure 3A ). On the other hand, the peak of the CA1 ripple-associated discharge synchrony occurred ripples and diminished substantially with increasing ripple size ( Figure 2B, inset) . In contrast, interneurons earlier in CA3a and b (p Ͻ 0.01, t tests) and progressed to CA3c ( Figure 3A , inset). In addition to the peak differshowed less spatial specificity by having similar correlations with both locally and distally derived fields, indeences, the rising phases of the amplitude-normalized CA3 histograms shifted earlier (6-20 ms), as reflected pendent of the ripple amplitude. In summary, these findings revealed that large amplitude ripple events have a by the significantly larger values at -30 ms from the ripple peak (p Ͻ 0.02 for CA3a, b, and c versus CA1). high spatial coherence, whereas small amplitude events tended to remain localized.
These observations suggest that population synchrony is initiated in the CA3a-b subregions and propagates to Figure 4 illustrates the correlation of two CA3 pyramidal CA3c and then to the CA1 region. In contrast to pyramineurons with ripples recorded from two CA1 sites. Aldal cells, ripple-related timing of CA1 and CA3a-b inthough the CA1 recording sites had similar amplitude terneurons showed no location-specific differences ripples ( Figure 4A ), only one of the sites showed a corre-( Figure 2B ). The perievent histograms of individual CA1 lated discharge with one of the CA3 neurons (Figure interneurons had either a single peak, coinciding with 4B). For quantifying the differential involvement of single the center of the ripple, or two peaks, before and after neuron discharges in CA1 ripple events, differences of the center of the ripple (Csicsvari et al., 1999a). The two the histograms for two CA1 recording sites were calcupeaks in the group histogram in Figure 2B are due to lated (e.g., histogram 1a-3b was subtracted from histothe inclusion of the "double-peak" interneurons. Ingram 1b-3b in Figure 4B ). The histograms were considterneurons in CA3a and b had a single peak. Of the eight ered to be significantly different if the difference recorded CA3c interneurons, six belonged to the SPWbetween the peak values was larger than three SD of independent group (Csicsvari et al., 1999a). The rebaseline (p Ͻ 0.002). Of the 543 CA3 pyramidal cell-CA1 maining two interneurons had single peaks associated recording site combinations, 61 (11%) showed signifiwith the middle of the CA1 ripple. cantly different discharge probability with different CA1 sites ( Figure 4C ). Although several CA3 pyramidal cells were recorded simultaneously with a tetrode, typically, Discharges of Single CA3 Pyramidal Cells Predict only one or none of them had a spatial specificity to a Location-Specific Ripples in CA1
given CA1 recording site. Thus, it was not the exact Analysis of the correlations between single CA3 neurons spatial location of the CA3 neurons or the distance beand CA1 field activity indicated further that the locationtween the CA3 and CA1 recording sites that determined dependent variability of CA1 ripples can, at least partially, be accounted for by the activity of CA3 neurons.
whether a given neuron differentially correlated with CA1 ripples. Furthermore, location-dependent correlations ripples was greater than two times larger than that of CA3 pyramidal neurons ( Figure 3C ). In contrast, rippledid not depend on the distance between the CA1 recording sites. Most of the spatial-specific correlations associated population synchrony of interneurons was similar in the CA3 and CA1 regions ( Figure 3D ). synchrony ( Figure 5A ; see also Experimental Proceof the recorded CA3 population does not appreciably change the firing rates of CA1 pyramidal neurons. Both dures). For these measurements, long continuous records (Ͼ30 min) obtained during immobility and slow-CA3 and CA1 pyramidal cells displayed a nonlinear increase of their firing rate with increases of network synwave sleep were used, irrespective of the field events. This comparison revealed large differences between the chrony. Cooccurrence of neuronal discharges within a given two regions. First, the same degree of population synchrony (e.g., 15%) in CA3 was achieved with significantly time window (i.e., synchrony) can occur by chance or due to the internal dynamics of the network. To evaluate lower average firing rates (1.5 Hz Ϯ 0.07) than in the CA1 region (2.5 Hz Ϯ 0.15). Second, doubling the population the role of random temporal overlap, the spike trains were shuffled, and the percentages of spikes occurring synchrony was associated with relatively larger frequency changes of CA3 compared to CA1 pyramidal within consecutive 100 ms windows of the shuffled spike trains were subtracted from the percentages of the origineurons. Figure 5 also reveals that Ͻ10% synchrony Synchrony was measured as the number of spiking neurons in 100 ms consecutive windows, and normalized density functions were calculated for both the original and time-shuffled spike trains. Shuffled data sets were generated by shifting spike trains by multiples of 100 ms periods (first spike train, 0 ms; second, 100 ms; third, 200 ms; etc.,). The ratio of the two histograms was calculated and averaged for different recordings. Only recordings with at least ten pyramidal cells in the same region were included in these calculations (CA1, n ϭ 13; CA3, n ϭ 23).
ochs. Overall, both the synchrony firing rate relationship and the higher-than-chance incidence of high-synchrony states indicate that pyramidal cells display coop- Figure 6 ). This analysis revealed that the observed neuronal synchrony during CA1 ripples expected, the accuracy of ripple prediction increased monotonically as a function of the number of neurons. In was larger than expected from random combination of spike coincidences. This was true for both the CA3 and the CA3 region, the square of the regression coefficient showed a linear relationship with cell number (inset). In CA1 regions. Furthermore, periods of very low synchrony also occurred more frequently than would be the CA1 region, a linear relationship was demonstrated between cell number and the third power of the correlapredicted by random discharges of neurons with identical spike dynamics as the original spike trains. These tion coefficients. Assuming that the observed correlations hold similarly for larger number of cells, recordings low-synchrony periods corresponded to no-ripple ep-triggered by an enhanced activity of the CA3 inputs. A possible explanation for the enhanced drive of CA1 neurons is a random temporal coincidence of the discharging CA3 pyramidal cells. Another explanation is an organized population discharge within the CA3 network. Our findings support the latter scenario. Shuffling of the CA3 spike trains revealed that synchrony of the neuronal population exceeded values that might be expected from a random combination of spikes. Furthermore, while smaller amplitude field oscillations were different at the various recording sites, this difference diminished as the magnitude of field oscillations increased. Finally, the synchrony versus firing rate measurements also suggested nonrandom recruitment of neurons during synchronous states. It should be emphasized that, in these measurements, the neurons whose firings rates were being calculated were not included for the estimation of population synchrony to obtain an independent measurement of synchrony and firing rate.
In computer models, enhanced population bursts arise due to a progressively stronger recruitment of neurons in recurrent networks (Traub and Wong, 1982 ; Tso- 
